We provide an analysis of vector meson photoproduction in the channel of the vector meson decaying into a pseudoscalar meson plus a photon, i.e. V → P γ. It is shown that non-trivial kinematic correlations arise from the measurement of the P γ angular distributions in the overall c.m. system in comparison with those in the vector-meson-rest frame. In terms of the vector meson density matrix elements, the implication of such kinematic correlations in the measurement of polarization observables is discussed. For the ω meson production, due to its relatively large branching ratios for ω → π 0 γ, additional events from this channel may enrich the information about the reaction mechanism and improve the statistics of the recent measurement of polarized beam asymmetries by the GRAAL Collaboration. For φ → ηγ, ρ → πγ, and K * → Kγ, we expect that additional information about the spin structure of the vector meson production vertex can be derived.
and K * → Kγ. We will show that additional information about the vector meson production mechanism can be obtained from measurements of those final states. This analysis has an advantage in ω meson photoproduction, of which the branching ratio of ω → π 0 γ is about 8.5% [13] . As an isoscalar meson, only nucleon resonances can contribute in its s-and u-channel production. This reduces significantly the number of excited states in the corresponding reaction channels. In this sense, the additional information from ω → π 0 γ should be useful for constraining the nucleon resonances in γN → ωN . Nevertheless, since the ω decays are dominantly via ω → π + π − π 0 , and π + π − could form a configuration of J P = 1 − as a photon, it is interesting to compare these two distributions and gain some insights into the sensitivities of the vector meson production mechanism to these two decay channels in a polarization measurement. This possibility is enhanced in the comparison between V → P P and V → P γ. For φ → ηγ, the branching ratio is still sizeable. In comparison with the dominant decay channel of φ → KK, the decay distribution of φ → ηγ contains different spin structure information; hence should be more sensitive to the production mechanism. Similar feature applies to the ρ → πγ and K * → Kγ in ρ and K * meson photoproduction. In this paper, the analysis of the decay channel V → P γ, will be presented in Sect. II. In Sect. III, we discuss the kinematic correlations arising from this decay channel and analyze their influence on the measurements of spin observables in the the overall γN c.m. system. Comparison with the results derived in the vector-meson-rest frame will then be made. A summary will be given in Sec. IV. To make it convenient for readers, analyses of the spin observables in terms of the density matrix elements of the polarized particles are included in the Appendix.
II. DENSITY MATRIX ELEMENTS FOR V → P γ
In the overall c.m. system, the invariant amplitude is defined as
where k and q are momenta of the initial photon and final state vector meson, respectively; Momenta P i = −k and P f = −q are for the initial and final state nucleons, respectively; λ γ (= ±1), λ v (= 0, ±1), λ i (= ±1/2) and λ f (= ±1/2) are helicities of the photon, vector meson and initial and final state nucleons, respectively. The amplitudes for the two photon polarizations λ γ = ±1 are not independent of each other. They are connected by the Jacob-Wick parity relation:
We first consider the vector meson decay in the overall γ-N c.m. system. The decay of vector meson (J P C = 1 − ) into a pseudoscalar meson (J P = 0 − ) and photon (J P C = 1 −− ), i.e. V → P γ, is described by the effective Lagrangian
where g V is the coupling constant and ǫ αβγδ is the Levi-Civita tensor; V δ and P here denote the vector and pseudoscalar meson fields, and A β is the photon field; This effective Lagrangian is the only Lorentz-covariant one for the V P γ coupling at leading order.
We assume that the fields couple as elementary ones. Therefore, the momentum-dependence of g V can be neglected, i.e. g V = g V (0). This assumption depends on the average radius r 2 q 1/2 of the vector meson, for which we phenomenologically refer to the average disctance between the quark and antiquark within the meson. As a simple estimate for the ground state mesons of which the spatial wavefunctions are spherical, the particle size effects appear as the quadratic term in the form factor 1−k 2 q r 2 q /6, where k q ≃ 380 MeV are the typical constituent quark momenta. For a typical size of r 2 q 1/2 ∼ 0.5 fm for the mesons, a correction of about 15% seems to be needed. However, this will not affect the general feature of the subsequent analyses due to two reasons: i) As shown by Becchi and Morpurgo [14] , in the limit of k q = 0, i.e. g V (k 2 q ) = g V (0), the calculations for both limits of M V = M P (exp) and M P = M V (exp) give the same results which are consistent with the experimental data. This suggests that the momentum dependence of g V is not significant. ii) Even though g V (k 2 q ) = g V (0), it will only lead to some percentages of descrepancies in the event countings between the calculation of Eq. (3) and experimental statistics, while the decay distributions will not change. In this sense, we can neglect the the momentum dependence of the g V at this moment, but focus on the study of kinematic correlations arising from the measurement of the P γ angular distributions.
It is worth noting that the vector meson size effects may become non-negligible at the production vertices for γN → V N , and careful considerations of the vector meson coupling form factors are crucial. However, this is independent of our motivation here. As mentioned in the Introduction, we are interested in possible experimental measurements of the angular distributions of final state particles, through which dynamical information about the production mechanism (contained in the density matrix elements) can be extracted.
As illustrated in Fig. 1 , we define the z f axis along the three moment of the vector meson, the y f axis is normal to the production plane defined by k × q, and hence the x f direction is determined by y f × z f . Since the vector meson three momentum |q| is determined by the c.m. energy W , the three momentum of the final state photon in the overall c.m. system can be expressed as p = q/2 + r, where r is the three momentum of the photon in the vector meson rest frame. The z f axis also defines the z direction of the decay co-ordinates, while the polar and azimuthal angles θ and φ are defined by the momentum difference between the final-state photon and pseudoscalar meson, p − p s = 2r. On the other hand, for the description of vector meson decay, it is convenient to select the decay angles, θ c and φ c , which are the polar and azimuthal angles of the flight direction of the photon in the overall c.m. system with respect to z f . As shown in Fig. 2 , we have,
where p 0 = |p| is the energy of the final-state photon. The decay amplitude of the vector meson with transverse polarization can thus be expressed as:
and the amplitude with longitudinal polarization is:
where Λ γ = ±1 and λ v = 0, ±1 are the helicities of the photon and vector meson in V → P γ, respectively. The coefficient C = eg V is the coupling constant. The Wigner rotation functions follow the convention of Rose [15] :
where α, β, and γ are Euler angles for the rotations of a vector. Similar to the case of vector meson decaying into spinless particles [10] , we can express the angular distribution of V → P γ in terms of the vector meson density matrix elements
where θ c and φ c are functions of θ and φ; and the latter ones are the variables of the differential distributions on the left-hand side; the subscription T T , LL and T L denote the interfering distribution functions between the transverse-transverse, longitudinal-longitudinal and transverse-longitudinal vector meson polarizations. They have the following expressions in the overall c.m. system:
and
where
are functions of θ c , and hence introduce kinematic correlations to the coordinate transformation. The δ function δ Λγ Λ ′ γ implies the sum over the final-state unpolarized photons. The factor σ 0 = C 2 |r| 2 is the normalization factor for V → P γ, and is proportional to the decay width for V → P γ in the vector meson rest frame. Note that W (cos θ c , φ c , ρ) is coordinate-dependent due to the Lorentz transformation from the vector meson rest frame to the overall c.m. system.
The density matrix elements of the vector meson are independent of the co-ordinate frame selection for the vector meson decays. They are related to the initial photon polarizations in the overall c.m. system via:
where N ≡ 1 2 λv λ f λγ λi |T λv λ f ,λγ λi | 2 is the normalization factor and is double the unpolarized cross section ignoring the phase space factor.
The polarized-photon density matrix element ρ(γ) is defined as [10] :
where σ is the Pauli matrix for the photon's two independent polarizations; P γ determines both the degree of polarization (via its magnitude P γ ) and the polarization direction. For linearly polarized photons, with Φ denoting the angle between the polarization vector of the photon (cos Φ, sin Φ, 0) and the production plane (x i -z i plane), one has P γ = P γ (− cos 2Φ, − sin 2Φ, 0). For the circularly polarized photons, the polarization vector is along the z i axis and hence P γ = P γ (0, 0, λ γ ) with λ γ = ±1. Substituting Eq. (14) into (13), we obtain the familiar form of the vector meson density matrix elements [10] :
The decomposition of the vector meson decay distribution in terms of the initial photon polarizations thus allows us to express Eq. (8) as
where W 0 denotes the distribution with the unpolarized photons, and W 1,2 denote those with the linearly polarized photons, and W 3 with circularly polarized photons. With the Jacob-Wick parity relation [Eq. (2)] and the requirement that the density matrix elements must be Hermitian:
the decomposed distributions can be obtained:
+ sin 2 θ c cos 2φ c ρ
Recalling again that θ c is a function of θ, strong kinematic correlations have been embedded in the above expressions. Naturally, one would expect that in the limit of |q| → 0, and hence q 0 → M V , the azimuthal angles (θ c , φ c ) will be identical to (θ, φ), and
These expressions then reduce to the ones derived in the vector-mesonrest frame [10] :
As shown in Eq. (5), the non-vanishing three momentum of the vector meson in the overall c.m. system introduces an additional term for the transverse vector meson decays. As a consequence, kinematic factors F 1,2 (θ c ), which are functions of the decay angle θ c , appear in the T T and T L decay distributions. Nevertheless, co-ordinate transformations also exist between θ c and θ. In comparison with Eqs. (22)- (25) for vector meson decay in its rest frame, kinematic factors in Eqs. (18)- (21) cannot be cleanly factorized out in the measurement of V → P γ in the overall c.m. system. This is different from the measurement of vector meson decay into spinless mesons [11] , e.g.
where a kinematic factor can be taken out of the distribution functions by selecting the polar angle θ as the angle between the momentum difference of the final-state pions and the vector meson momentum in the overall c.m. system. Such a correlation also reflects the dynamical difference between V → P γ and V → P P from which we expect to learn more about the vector meson production mechanism via the measurement of the decay distributions.
In the next section, we will discuss some features arising from the kinematic correlations and their impact on the polarized beam asymmetry measurement in different frames.
III. KINEMATIC CORRELATIONS IN POLARIZED BEAM ASYMMETRY
In the production plane, the measurement of the linearly polarized beam asymmetry is defined as the cross section difference between polarizing the photons along the x i (Φ = 0
• ) and y i -axis (Φ = 90 • ), which correspond to P γ along ∓x i , respectively. The cross sections for these two polarizations thus can be expressed as:
The linearly polarized photon asymmetry is thus defined as:
where P γ is determined by the experimental setup, andW 1 (ρ 1 ) andW 0 (ρ 0 ) are the integrals over (θ, φ):
where the relation p
V has been applied, and ǫ 0 v = (|q|, q 0q )/M V is the longitudinal polarization vector of the vector meson.
Note that the density matrix elements ρ α (α = 0, 1, 2, 3) are independent of θ and φ, we define the following two integrals:
Hence, the polarized beam asymmetry can be expressed aš
and the ratio of the integrals gives:
where in the integration, the relation 2q 0 p 0 = q 
which is the familiar result derived in the vector meson decays into pseudoscalar mesons [17] . Due to the non-trivial kinematic correlations arising from the decay distributions, the polarized photon beam asymmetry is also accompanied with a kinematic correlation factor when transforms from the vector-meson-rest frame to the overall c.m. frame. Although one, in principle, can select the vector-meson-rest frame as the working frame for deriving the polarization asymmetry, in reality, it will depend on how well the vector meson kinematic is reconstructed. For narrow states, such as ω and φ, the transformation of the working frame from the overall c.m. one to the vector-meson-rest one should have relatively small ambiguities. However, for broad states, such as ρ, the sizeable width will lead to uncertainties of determing the three moment q. The kinematic correlations hence will produce significant effects in the measurement of the polarization observables.
This kind of situation makes Eq. (34) useful for evaluating the kinematic correlation effects. Firstly, note that the second term in Eq. (34) explicitly depends on the mass and momentum of the pseudoscalar meson in the vectormeson-rest frame. It shows that the kinematic correlations will become more significant if the vector meson decays into a heavier pseudoscalar meson instead of a lighter one due to the increasing ratio M
56. This ratio is essentially a constant for a fixed decay channel. Therefore, Eq. (34) suggests that above the vector meson production channel and at a fixed production energy, kinematic correlation effects should show up increasingly significant for heavier pseudoscalar decay channels.
Secondly, for a fixed pseudoscalar decay channel, Eq. (34) shows that the kinematic correlation should also become increasingly important with the increasing reaction energies due to the term proportional to |q| 2 /M 2 V . In another word, only when the vector meson is produced near threshold, i.e. |q| 2 /M 2 V << 1, can the kinematic correlation effects be neglected as a reasonable approximation. Otherwise, uncertainties from such correlations should be cautioned.
IV. SUMMARY
We have carried out an analysis of vector meson decay into a pseudoscalar meson plus a photon in photoproduction reactions, e.g. ω → π 0 γ, φ → ηγ, ρ → πγ, and K * → Kγ, etc. Comparing with the previous measurements of vector meson decays into pseudoscalars, this channel has advantages of providing additional dynamical information about the vector meson production mechanism due to the different spin structures carried by the differential decay distributions.
It was found that kinematic correlations would become important in this decay channel in the overall c.m. system. An explicit relation for the correlations between the vector-meson-rest frame and the overall c.m. system was derived in Eq.(33), which highlighted the kinematic sensitivities of the polarization observables studied in different reactions and different pseudoscalar meson decay channels. It is thus useful for providing guidance for experimental investigation of vector meson photoproduction for the purpose of studying nucleon resonance excitations in polarization reactions.
Although the decay channel V → P γ generally has small branching ratios for most vector mesons, it is relatively large for the omega meson with b ω→π 0 γ = (8.5 ± 0.5)% [13] . Therefore, for ω meson photoproduction, this channel will not only increase the experimental statistics, but also provide an independent measurement of polarized beam asymmetry which can be then compared with the one measured in ω → π 0 π + π − . For φ and ρ 0 , their dominant decays are into two pseudoscalars. Hence, additional spin structure information can be expected in φ → ηγ and ρ 0 → π 0 γ. In particular, br φ→ηγ = (1.295 ± 0.025)% [13] is still sizeable, and makes this channel an important source for the φ meson photoproduction mechanism near threshold. Experimental facilities at ESRF (GRAAL), SPring-8 (LEPS) and ELSA (Crystal Ball) with linearly polarized photon beams and charge-neutral particle detectors should have advantages for addressing this issue.
We also derived the single polarization observables for vector meson photoproduction in terms of the density matrix elements for the polarized particles. Those elements can be directly related to the experimental measurement of the corresponding angular distributions of the vector meson decays into either spinless mesons or a spinless meson plus a photon. For linearly polarized photon beams the angular distribution of the photoproduced-vector-meson decay into spinless particles has been developed in the literature [10] . The polarization observables in terms of the bilinear helicity product of the helicity amplitudes have also been discussed widely in the literature [9] . In the Appendix, we presented the vector meson decay distribution functions in terms of those measurable density matrix elements defined for those polarized particles. This should be useful for future experimental analyses at GRAAL, JLab, and SPring-8, with polarized targets, recoil polarization or beam-target double polarizations. In Ref. [10] , the density matrix elements for polarized photon beams were derived. We shall adopt the same convention and derive density matrix elements for other single polarization (i.e. polarized target, recoil polarization, and vector meson polarization), and double polarization observables. First of all, we will outline several basic aspects of density matrix elements with polarized photon beams, which will be useful for further discussions.
For the convenience of comparing with other analyses [9] , we also express the invariant amplitudes as the following 12 independent helicity amplitudes:
A. Convention and kinematics
The general form of the angular distribution for the vector meson decay into spinless particles (e.g.,
where M is the vector meson decay amplitude and can be factorized as
The decay angles, θ and φ, are defined as the polar and azimuthal angles of the flight direction of one of the decay particles in the vector meson rest frame in the case of two-body decay, e.g.
For three-body decay of the vector meson, e.g. ω → π 0 π + π − , θ and φ denote the polar and azimuthal angles of the normal direction of the decay plane. The constant C is independent of λ v and determined by the vector meson decay width; the Wigner rotation functions D follow the convention of Ref. [15] as defined by Eq. (7).
Consequently, the angular distribution of Eq. (36) can be expressed in terms of the vector meson density matrices
is a linear function of ρ(V ), it can be decomposed into a linear combination in terms of the polarization status of the particles.
The above equation is general for the vector meson decays into spinless particles. The vector meson density matrix element ρ(V ) can be related to the polarization status of the initial and final state particles in their spin space via the transition amplitudes T λv λ f ,λγ λi . Therefore, for different polarization reactions with the vector meson decays into spinless particles, ρ(V ) is the source containing information about the polarization observables. The angular distribution, as a function of ρ(V ), hence provides access to the physics reflected by ρ(V ). In experiment, ρ(V ) is a quantity that can be derived from the data for vector meson decay distributions, while in theory, it can be calculated with dynamical models [16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29] .
Since ρ(V ) is related to the polarization of the initial and final state particles in their spin space, this is equivalent to saying that for different polarizations of the initial and final state particles there are different density matrix elements can be measured. In this sense, we are also interested in the number of minimum measurements which can provide the maximum amount of information on the transition mechanisms [9] .
As follows, we will first re-derive the polarized beam asymmetry in terms of the density matrix elements following Ref. [10] , and then derive other polarization asymmetries in terms of the corresponding density matrix elements.
B. Polarized beam asymmetry
Substituting Eq. (14) into (38), we can easily reproduce the results of Ref. [10] and obtain the angular distribution:
where 
For the polarized photon beams, the density matrix element ρ 0 corresponds to the unpolarized photon measurement, ρ 1 and ρ 2 correspond to the linearly polarized photon, while ρ 3 to the circularly polarized photon. The linearly polarized beam asymmetry then is given by the cross section differences between polarizing the photons along the x i (Φ = 0
• ) and y i -axis (Φ = 90 • ), which correspond to P γ along ∓x i , respectively. Similar to Eq. (28), we havě
In terms of the helicity amplitudes the above expression can be written aš 
The above expression is the same as that defined in Ref. [9] .
C. Target polarization asymmetry
Proceeding to other single polarization observables, we shall derive the angular distributions of the vector meson decays into spinless particles and express the polarization observables in terms of the corresponding density matrix elements.
The polarization status of the target is defined as
where I Ni is the 2×2 unity matrix in the spin space of the target; P Ni is the polarization vector for the target nucleon.
In the coordinates of the initial states, we define P Ni ≡ P Ni (cos Φ, sin Φ, 0) for polarizing the initial nucleon within the x i -y i plane, and P Ni ≡ P Ni (0, 0, λ i ) for polarizing the initial nucleon along z i , where P Ni is the initial-nucleon degree of polarization, and Φ is the angle between the polarization vector of the initial nucleon and the production plane (x i -z i plane). The polarized target density matrix elements can be related to the elements of the vector meson decay via the production amplitudes T :
The decomposition of the polarization status of the target gives
where ρ 0 denotes the density matrix elements with the unpolarized target, and ρ 1,2,3 denotes the elements with the target polarized along x i , y i and z i -axis in the initial frame. Explicitly, the elements are given as
whereλ i = ±1 represents the sign of λ i . The vector meson decay distribution depends on the properties of the density matrix elements defined above. Applying the parity conservation relation and the requirement of the density matrix elements to be Hermitian, we obtain the matrix elements for ρ α λv λ ′ v with α = 1, 2, 3, corresponding to the polarization of the initial nucleon spin along x i , y i , and z i . Substituting the elements into Eq. (38), we obtain the vector meson distribution in terms of the different polarization status of the target nucleons: 
where Φ again denotes the angle between the polarization vector of the initial nucleon and the production plane. As addressed earlier, the corresponding angular distribution of the vector meson decays into pions with the polarized target has the same form as Eq. (38), while the density matrix elements represent different dynamical information. In analogy with the polarized photon measurement, the cross sections for polarizing the initial nucleon spin projection along ±y i axis, i.e. Φ = ±90
• , can be obtained by summing all the events together:
andW
The polarized target asymmetry is hence defined as the cross section differences between these two polarizations:
where P Ni only depends on the experimental setup.
Comparing with the polarized beam asymmetry, it shows that the density matrix elements ρ 1,2,3 defined in the target polarization have different properties. In particular, the asymmetry of polarizing the initial nucleon along x i axis would be zero if the vector meson decay events are integrated over θ and φ.
The dynamic significance can be seen more transparently in terms of the helicity amplitudes, i.e.
which now involves interferences between different helicity amplitudes, and again arrives at the same result as that of Ref. [9] .
D. Recoil polarization asymmetry
Similarly, we can also establish the relations for the density matrix elements between the vector meson and the recoil nucleon by defining
where I N f is the 2 × 2 unity matrix in the spin space of the recoil nucleon and P N f is the polarization direction defined in the final state coordinates, i.e. the frame of (x f , y f , z f ) in Fig. 1 . In the spin space for the recoil nucleon, the decomposition of the recoil polarizations leads to:
whereλ f = ±1 represents the sign of λ f .
The angular distribution of the vector meson decays can then be expressed as 
where the W 0,1,2,3 corresponds to distributions with the final state baryon unpolarized, and polarized along x f , y f , and z f directions. The expressions of W 0,1,2,3 are the same as Eq. (48). Similar to the derivation in former subsections, the recoil polarization asymmetry is defined as the cross section differences between polarizing the final-state nucleon along ±y f axis (corresponding to Φ = ±90
• ): 
which is the familiar form as Eq. (51). Again, in terms of the helicity amplitudes, the dynamic significance can be seen:
which is the same as that given by Ref. [9] .
E. Beam-target double polarization asymmetry
With the density matrix elements for the photon beams, target nucleon, recoil nucleon, and vector meson, one can proceed to the investigation of double polarizations in terms of the vector meson density matrix elements.
We shall start with the beam-target double polarization, of which experiments are to be available at GRAAL [7] and JLab [8] . Similar to the single polarizations, the vector meson density matrix elements is related to the polarization status of the photon and target nucleon. Namely, we have
where one can see that the double polarization only involves the last term in the bracket. The above formula reads that the double polarization eventually provides access to the single polarizations as well. We introduce the index α and β for the polarization status of the photon beams and the target nucleon, and express the B-T polarization as W (cos θ, φ, ρ αβ ) = W 00 (cos θ, φ, ρ 00 
We shall concentrate on the last term, where both the photon and the target nucleon are polarized. The density matrix elements thus can be expressed as 
